The upgrade of the ATLAS experiment for the operation at the High Luminosity Large Hadron Collider requires a new and more performant inner tracker, the ITk. The innermost part of this tracker will be built using silicon pixel detectors. This paper describes the ITk pixel project, which, after few years of design and test effort, is now defined in detail.
Motivation and plans for the ITk Pixel
Motivation. The High Luminosity Large Hadron Collider (HL-LHC) [1] is designed to reach a peak instantaneous luminosity of 7.5 10 34 cm −2 s −1 , which corresponds to about 200 inelastic proton-proton collisions per beam crossing period of 25 ns. The HL-LHC should operate from 2026 for more than 10 years and aims to accumulate a total data set of up to 4000 fb −1 . The current ATLAS inner tracker cannot withstand a particle flux and a dose about one order of magnitude above its design specifications. It should then be exchanged with a more performant inner tracker, the ITk [2] , able to meet the new experimental conditions. This should allow the ATLAS experiment [3] to maintain the current tracking performances in the new and more challenging environment.
The only proven technique able to handle the particle density and survive the expected dose in the innermost part of the ITk is based on silicon pixel detectors. These detectors offer the possibility to have up to 4 10 4 adjacent and independent pixel cells per cm 2 all of them with 25 ns time resolution and able to operate up to a fluence of ≈10 16 n eq cm −2 . The innermost part of the ATLAS ITk is then designed using hybrid silicon pixel detectors, a technique already successfully employed in the current ATLAS tracker [4] , but which now needs to be updated and improved. The extrapolation from LHC to HL-LHC implies an improvement of about one order of magnitude in many pixel parameters. This is considered realistic and feasible, but, given the many issues to be afforded, should be regarded as a considerable challenge.
Planning. The ITk pixel project is more demanding then the current ATLAS pixel detector. It covers a seven times larger surface, has two orders of magnitude more channels and is proposed by a collaboration of more than hundred laboratories. It is then clear that the production model has to take all that into consideration imposing strict standardisation criteria and using industrial partners whenever possible. The optimisation of the production process should be pursued vigorously as the time from the Technical Design Report (TDR) to the operation at HL-LHC is shorter than the equivalent time for the simpler AT-LAS pixel detector now in operation. The current plan foresees a compressed construction schedule, from 2019 to 2023, leaving then adequate time for the detector integration and commissioning, both to be done at CERN.
The ITK Pixel project layout
The layout definition is the basic strategic choice and the skeleton around which the project should be refined. It is driven by the mission that the ATLAS collaboration has given to the ITk, namely to reconstruct, in the HL-LHC environment, tracks and vertices and tag short lived particles at least as efficiently and precisely as currently done at LHC. The solution to this problem is not unique (as indicated by the competing CMS experiment [5] ) and should take into account all the viable solutions together with the know-how and resources in the collaboration. The solution adopted, after detailed studies, is shown in Figure 1 . It is based on a short barrel part followed by inclined modules to cover the intermediate η-region. The high-η region is instead covered by rings perpendicular to the beam direction. This arrangement, which covers the pseudo rapidity region -4< η <4, minimises the silicon surface and the material crossed by the particles at the expense of a slightly more complicated cooling management in the inclined part. The layout has a total active area of 12.7 m 2 covered with 5 10 9 channels and is designed to survive a dose of ≈7 MGy. The two innermost layers will receive a dose exceeding this limit and are therefore built such to be independently exchanged during the lifetime of the experiment. This will also allow to improve the specifications of this very critical part of the tracker if new technologies will emerge. 
Sensors
The sensor technology must be tailored to the radiation environment, to the expected industrial production capabilities and to the financial resources of the collaboration. The baseline choice is for 3D sensors [6] in the innermost layer and for planar sensors elsewhere, both to be coupled to a radiation-hardened front-end electronics designed in 65 nm gate length technology. The outer barrel layer may employ CMOS monolithic sensors if this technology is proven in due time. All sensors should have an efficiency of at least 97% after irradiation.
3D sensors. In 3D sensors the charge collecting electrodes are columns etched in the sensor volume and oriented perpendicularly to the the sensor surface. This arrangement decouples the charge deposition (through the sensor thickness) and the charge collection (between the electrodes). Figure 2 shows a schematic view of the electrode position in a 3D sensor compared to a planar sensor.
Thanks to the proximity of the electrodes these detectors operate at low bias voltage and offer good charge collection efficiency even in case of severe radiation induced bulk damage. The low voltage operation also minimises the risk of the thermal run-away 1 . [7] can be implemented using a handle wafer to be later thinned down. This opens the possibility for the fabrication of thin 3D sensors with acceptable yield. Figure 4 : Bias voltage needed to reach the 97% efficiency versus particle fluence for single side 230 µm thick 3D sensors. The measurement has been done with a beam at normal incidence to the sensors. Two different pixel geometries, 50 µm x 250 µm and 50 µm x 50 µm, are compared.
The 3D technology suffers from a rather limited production yield, a considerable R&D effort has then been dedicated to the improvement of the fabrication procedures. The complex and time consuming double-side process has been substituted with the simpler single-side process as illustrated in Figure 3 .
The performance of the single side 3D sensors remains excellent even after a fluence exceeding 10 16 n eq cm −2 as shown in Figure 4 . Approaching the electrodes, as required by the channel density needed for ITk, increases the charge collection after radiation damage and reduces both the power consumption and the thermal run-away probability.
Planar sensors. The technique to produce planar sensors is well established, but some optimisation is required to meet the HL-LHC specifications. In particular it is necessary:
• to simplify the production process to be able to cover over 10 m 2 of pixel detectors and
• to improve the radiation hardness.
The pixel sensors operational today in ATLAS are n-in-n. This avoids the problem of discharges from the sensor bias to the Figure 5 : The guard rings, used to smoothly drive the potential from HV to ground level, are on the side opposite to the pixel implants for the n-in-n sensor design (left) and on the same side of the pixel implants for the n-in-p design (right). The front-end electronics is connected to the n+ pixel implants and therefore is at ≈20 µm distance from HV in the p-in-n design. The n-in-p single side design is therefore more at risk of discharges. Figure 6 : Efficiency versus bias voltage for planar sensors with thicknesses ranging from 100 to 150 µm after a fluency of 10 16 n eq cm −2 .
electronics chips (see Figure 5 ), but requires a double side process. A single side process, based on n + pixel implants on a p substrate (n-in-p) is simpler and therefore more suitable for large scale production. It has the drawback (see Figure 5 ) of possible discharges between the front-end electronics and the sensor bias voltage, but this can be avoided adding an insulator layer on the sensor guard ring. A thin layer of benzocyclobutene spun on the sensor periphery has proven to withstand up to 1000 V.
To minimise the effect of trapping due to large radiation doses, it is necessary to apply a strong electric field. This is practical if the detector thickness is in the range 100 to 150µm. Single side n-in-p sensors of such thicknesses have been built, integrated with radiation-hardened electronics [8] and tested after irradiation. The results, shown in Figure 6 , confirm the possibility to use this sensor design up to fluences of 10 16 n eq cm −2 .
CMOS sensors. Hybrid pixel detectors design allows optimisation of the sensor and of the electronics independently, but requires specialised foundries and high-density bump-bonding, which is a very critical and time consuming process (see Sect 5) . Semiconductor industry has recently started to process high-resistivity wafers, mostly for automotive applications. This opens the possibility to design on the same wafer both the sensor and the electronics. This approach allows to profit of the large scale production of general purpose semiconductor farms and should impact both the cost and the production speed of a pixel system. Some compromises have to be accepted as the optimisation now happens on the pair electronics-sensor. The most critical parameters are the overall efficiency (related to the charge collection) and the time resolution (related to the charge collection speed) after irradiation. Results so far are encouraging on both issues as illustrated in Figures 7 and 8 . The electronics of the prototypes used for these measurements is not as complex as the one needed to sustain the HL-LHC particle rate including the trigger handling. Prototypes with full HL-LHC functionality are being designed now and, if proven to be satisfactory, CMOS pixel modules will equip the outer barrel layer of the ITk pixel detector. Mechanical and service compatibility between hybrid and CMOS solutions is part of the design requirements for the outer barrel layer.
Front-end Electronics
A common effort [9] between ATLAS and CMS is ongoing since 2013 to build a radiation-hardened front-end chip for the pixel HL-LHC upgrade. It was chosen to use the TSMC 65 nm technology, which has the gate density large enough to define and implement all the building blocks needed for a HL-LHC pixel detector with 4 10 4 pixel cells per cm 2 . The first prototype chip (RD53A) already satisfies most of the requirements of the final ATLAS chip and will be used to demonstrate the performance of the TSMC 65 nm technology and test the ITk pixel module concept, including its radiation resistance. RD53A has been recently delivered and is under test now in both collaborations. More details can be found in the presentation of M. Garcia-Sciveres at this conference [10] . The ATLAS ITk pixel chip will be an evolution of this prototype and will have the capability of handling a hit density of 100 hits/front-end chip per 25 ns bunch crossing, which is expected in the innermost layers of the ITk.
Hybridisation
The hybrid pixel module is made of two parts: a passive high resistivity silicon sensor and a front-end read-out chip fabricated in CMOS technology. The two parts are joined using a high density connection technique called "bump-bonding". A schematic of the elements of a hybrid pixel module is presented in Figure 9 . Compared to the design used for the IBL [8] , the ITk pixel module required several improvements:
• The pixel size has been reduced from 50 µm x 250 µm to 50 µm x 50 µm to improve intrinsic resolution and two tracks separation.
• The design of the read-out chip has been improved. The analogue front-end can operate at lower threshold compensating for the loss of collected charge due to radiation damage. The read-out architecture has been improved to comply with the higher hit density and event rate. The power consumption is also reduced and this has a positive effect on the material budget (less massive cables and reduced cooling requirements).
• The output bandwidth has been increased to 5.12 Gb/s per front-end chip, to cope with the hit rates in the innermost section of the pixel detector.
• The size of the module has been increased; with the largest module the size of four front-end chips, which is about 16 cm 2 , to reduce cost and fabrication time. The single chip modules built with 3D sensors will instead be of about 4 cm 2 to maximise the yield.
• The serial powering scheme has been adopted to reduce the number of cables and the amount of inactive material in the tracker.
The hybridisation technique for pixel is well established, there are anyhow new challenges which are related to the higher bump density, the larger wafer size (up to 12") and the use of thin sensors and thinned electronics chips to minimise material. A qualification program is ongoing to select enough (4 or 5) firms able to satisfy the ITk pixel hybridisation requirements in the compressed ITk production schedule. Figure 9 : Schematic view of a hybrid pixel module. The small spheres represent the bump-bonding connection between each pixel and its mating electronic channel. A schematics of one electronic channel is also shown. Figure 10 : Perspective view of a stave support with the modules placed flat on the stave (central η region) and inclined on the thermal conductivity cooling block (high η region). Only one half of the stave is shown.
Mechanics and Services
Mechanical Supports. The mechanical system is made of local supports which are then organised in cylinders or rings (depending on the η region they have to cover) and connected to a global support. This global support will be sustained by the mechanical system of the surrounding strip detector that should allow the insertion of the pixel package as an independent unit.
The local supports provide mechanical support, alignment, routing of services and thermal management of the pixel modules. They are made of low mass, high rigidity and high thermal conductivity materials, including: carbon fibre laminates, pyrolytic graphite and other carbon based composites. A small diameter titanium pipe is embedded in the structure to allow heat extraction via a CO 2 evaporative cooling system.
The outer barrel local supports are "staves" that are positioned along the beam direction at various radii, one example is shown in Figure 10 . The modules are placed flat on the surface of the stave in the central part and on pyrolytic graphite blocks outside it. These graphite blocks, shown in Figure 11 will transmit the heat to the cooling channels and orient the module such that the particle emerging from the interaction will cross them almost perpendicularly.
The outer end-caps local supports are "rings" which are positioned perpendicular to the beam direction at different z locations, chosen to guarantee hermeticity. Each ring is composed of two half-rings, which is a sandwich of a two carbon fi- bre skins with thermal conductive carbon foam in-between (see Figure 12 ). The cooling pipe and the bus tape for power and data transmission are embedded in the carbon foam. Each halfring is connected to the global support through mechanical interfaces (locators).
The innermost system is equipped with both types of local supports and is designed to be independently extracted and reinstalled during a long shut-down.
The pixel package must then be able to support the beam pipe without requiring the inner section to be present. In this way it is possible to guarantee the integrity of the ATLAS detector and some limited data taking capabilities even in event of catastrophic failures of the inner section to be repaired in a subsequent shutdown.
Thermal performance and mechanical stability are the most important specifications for the design of the local supports. Services. The ITk pixel system requires high power (≈70 kW) and must operate cold (-25C on the modules). The surrounding environment must have a very low dew point to avoid water condensation, which may induce corrosion. Providing the electrical power and extracting the resulting heat are both key drivers in the material budget. The design of the powering and cooling systems should then be such to minimise their radiation and interaction length. This has been done by adopting the serial powering 2 , to reduce the number of the power supply cables, and the CO 2 evaporative cooling system, to reduce the mass of the coolant and of the pipes. While a CO 2 cooling system has been already adopted in the IBL [8] , the serial powering has never been used in a large scale experiment. Tests have been made on a small scale prototype built with six pixel modules. Measurements have been done with individual powering and with serial powering and no difference in noise and threshold was observed [11] . This gives confidence that the number of power cables can be reduced by one order of magnitude, using a serial, rather than an individual, powering scheme. The efforts to minimise the material budget give a much lighter detector than the current one as shown by the comparison of Figure 13 with 14. The ITk pixel system is more "transparent" that the current ATLAS pixel system even if it has one additional layer. It is, in particular, evident that the decrease of radiation length is primarily due to the adoption of the serial powering, even if many other design optimisations have been implemented to reach this results.
Conclusions and Outlook
This paper illustrates the status of the ITk pixel project at the time of the presentation of its TDR. Given the space limitations only some key issues have been discussed. All the technical solutions for the construction of this detector are in hand either in the collaborating labs or in the industrial environment, some of them require refinements or consolidation. The ATLAS ITk pixel represent nevertheless a great challenge especially considering the severely constrained production plan. Standardisation throughout the many laboratories of the collaboration and industrial production whenever possible should both be pursued vigorously to guarantee a timely success of this important project.
